1. Introduction {#s0005}
===============

Functioning as reversible molecular switches, cysteine residues are inherent cellular sensors of reactive oxygen species (ROS), sensing and translating the redox status into specific cellular responses [@bib25], [@bib67], [@bib78]. Indeed, cysteine thiol groups switch between reduced and oxidized forms, and are involved in various cellular pathways, including signaling phosphatases [@bib35], [@bib36], [@bib41], [@bib53], transcriptional regulation [@bib4], [@bib65], and control of DNA damage repair [@bib60], as well as in the regulation of thiol-based enzymes [@bib30]. A fundamental cellular mechanism driven by thiol-based enzymes is the post-translational modification of proteins by ubiquitin (Ub) and ubiquitin-like (Ubl) proteins [@bib32], [@bib74], [@bib85]. The most studied outcome of Ub conjugation is proteolysis of the Ub-modified target by the 26S proteasome machine [@bib23], [@bib27]. Attachment of Ub and Ubls (such as SUMO, URM1, and NEDD8/Rub1) to target proteins requires an analogous cascade of enzymes initiated by ATP-dependent generation of a signature high-energy thioester intermediate [@bib12]. Each of these cascades begins with activation of the Ubl by an ATP-consuming E1 (activation) enzyme, forming Ubl\~E1 thioester bond on an acceptor cysteine. In a second step, the Ubl is transthiolized from the E1 enzyme to a catalytic cysteine on an E2 (conjugation) enzyme, forming, once again, a Ubl\~E2 thioester bond [@bib34]. Finally, the activated Ubl is transferred to amino groups on target proteins in a step mediated by a substrate-specific E3 ligase [@bib32], [@bib79]. Despite a presence of thiol-based enzymes in Ubl conjugation pathways, only a few alterations by redox have been reported [@bib84]. For instance, elevated concentrations of hydrogen peroxide (H~2~O~2~) inhibit human SUMOylation in a reversible manner by the formation of a disulfide bridge between both catalytic cysteine of SUMO-E1 and SUMO-E2 enzymes [@bib9]. This switch is required for cell survival when ROS is accompanied by DNA damage [@bib83]. For Ub, the exposure to ROS leads to oxidation of active cysteines of the E1 and E2 enzymes in mammalian retina cells until the recovery by the antioxidant glutathione, eventually results in hyper-activation of the E1 and increased ubiquitination [@bib56], [@bib77]. Additionally, E2 enzymes display differential sensitivities to oxidizing chemicals, suggesting redox as a mechanism to divert Ub between different E2s for precise substrate ubiquitination [@bib19]. A unique example is an allosteric hyper-activation of Ub-E2 through a thiol oxidation of its Ub E2 variant binding partner [@bib98]. Oxidation as an activation signal was also documented for Urm1, which progresses via a thiocarboxilate intermediate at its carboxyl terminus [@bib89].

Rub1 (Related to Ubiquitin-1, A.K.A. the yeast homolog of NEDD8) is the closest paralog of ubiquitin. Orthologues of NEDD8/Rub1 are required for vitality in all studied organisms with the notable exception of budding yeast [@bib38], [@bib50], [@bib93]. Limited evidence suggests a sensitivity of the rubylation pathway to ROS [@bib20], [@bib37], although the molecular mechanism has not been characterized. Rub1 is activated by the heterodimeric E1 enzyme Ula1/Uba3 (a.k.a. NAE), and transferred through canonical trans-thiolation to its cognate E2 enzyme, forming a thioester Ubc12\~Rub1 bonds [@bib34]. Ubc12\~Rub1 transiently interacts with Rbx1, a RING subunit of a modular class of multi-subunit cullin-RING ubiquitin E3 ligases (CRLs), triggering the transfer of Rub1 to a specific lysine residue on the cullin scaffold subunit, and leading to their activation [@bib11]. Human CRL complexes mediate \~ 20% of protein ubiquitination, including key cellular factors participating in cell cycle progression, DNA damage repair, and survival [@bib82], [@bib91]. Cullin rubylation is strictly conserved in all eukaryotes [@bib47], and is also important in cancer biology. Indeed, the development of a specific inhibitor for its E1, MLN4924, has promising therapeutic potential [@bib99].

Cullins undergo cycles of Rub1 conjugation/deconjugation during their catalytic cycle. The hydrolysis of Rub1 (derubylation) from cullins is performed by the COP9 signalosome (CSN), an evolutionarily conserved multi-subunit complex [@bib92]. In addition to enzymatic cullin-derubylation activity, the CSN also hinders both substrate recognition and ubiquitination by CRLs [@bib13], [@bib21], [@bib24], [@bib42], [@bib55]. An interesting property of the CSN is its close homology to the proteasome lid, the peripheral subcomplex of the 26S proteasome [@bib59]. Both CSN and the proteasome lid belong to the PCI (proteasome, CSN, and eIF3) family of complexes. In this family, six subunits in each complex bear the hallmark PCI domain and two subunits carry an MPN (Mpr1--PAD1--N-terminal) domain [@bib28]. One of the MPN subunits is a catalytically active MPN^+^/JAMM metalloprotease: Csn5/Jab1 in the CSN [@bib3], [@bib16] and Rpn11 in the proteasome lid [@bib52], [@bib90], [@bib94]. In accordance, the substrates of these two enzymes are also close paralogues: Cullin-Rub1 for Csn5, and poly-Ub marked proteins for Rpn11 [@bib46].

In *S. cerevisiae*, neither CSN nor Rub1 are essential for viability. Nevertheless, the CSN complex drives canonical cullin derubylation, yet it is unclear for what mechanistic purpose [@bib16], [@bib51], [@bib97]. This yeast CSN contains only six subunits: four PCI subunits (one of which, Rpn5, is shared with the proteasome), an endemic subunit harboring the S6CD domain [@bib15], [@bib58], [@bib76], [@bib95], and a sole MPN subunit, the catalytic Csn5. Mutants in any yeast CSN subunit share a characteristic biochemical phenotype of accumulation of Rub1-modified cullins [@bib92], a potent tool to study how cullins rubylation/derubylation cycles link with physiology.

In previous research, we demonstrated that not only do CSN mutants influence cullins, mutations in all PCI subunits of the proteasome lid also alter ratios of rubylated to unrubylated Cdc53/cullin1 (yCul1) [@bib95]. yCul1 is a highly conserved module that serves as the functional core of SCF (Skp1- Cdc53/cullin1-F-box protein) E3 ligases, the largest class of CRLs that regulates diverse processes including cell cycle and development [@bib57], [@bib75]. Here, we extend the CSN/lid comparison to MPN subunits and describe a mutant of Rpn11 that exclusively exhibit a high ratio of modified to unmodified yCul1. Further characterization of *rpn11* phenotypes points to a redox-dependent checkpoint of cullin rubylation, balancing cullin derubylation by the CSN.

2. Results {#s0010}
==========

2.1. yCul1-rubylation inversely correlates with mitochondrial respiration {#s0015}
-------------------------------------------------------------------------

Accumulation of rubylated yCul1 (yCul1^R^) in mutants of the proteasome lid PCI subunits, suggests either direct or indirect functional link between proteasome and cullins [@bib95]. To examine this hypothesis, we expanded our assessment of cullins to mutants of Rpn8 and Rpn11, the MPN-containing subunits of the proteasome lid. For Rpn11, two distinct mutants have been studied: the catalytic dead mutant, *rpn11*^*D122/A*^ [@bib52] and the carboxyl-terminal truncated mutant, *rpn11-m1* [@bib70]. Both mutants are temperature sensitive, and they share physiological and biochemical phenotypes such as cell cycle defects and an accumulation of ubiquitin chains [@bib52], [@bib69]. However, the loss of Rpn11 C- terminus in *rpn11-m1* leads to an additional phenotype of mitochondrial dysfunction at temperatures higher than 32 °C [@bib68], [@bib71]. We tested these mutants for accumulation of yCul1^R^ and observed that *rpn11-m1* uniquely exhibited high accumulation of yCul1^R^, regardless of the growth phase, at a semi-restrictive temperature of 34 °C, for which, both mutants of Rpn11 are sensitive ([Fig. 1](#f0005){ref-type="fig"}a-d). We also examined the yCul1^R^ accumulation in *rpn8*~*1--307*~ ([Fig. 1](#f0005){ref-type="fig"}a), which lacks the Rpn8\'s carboxyl terminus and shows decreased quantity of fully assembled 26S proteasome [@bib96]. In this case, the yCul1^R^/yCul1 ratio was unaffected relative to WT strains, suggesting that proteasome levels do not necessarily directly influence cullin rubylation. Neither was this phenotype observed in deletion mutants of other yeast deubiquitinating enzymes (data not shown), pointing to a unique feature of *rpn11-m1* that is correlated with mitochondrial deficiencies at a semi-restrictive temperature [@bib68], [@bib71].Fig. 1**Rubylation status of yCul1/Cdc53 upon proteasome malfunction.** (A) wild type (WT) and mutants of the proteasome lid MPN-containing subunits Rpn11 (*rpn11-m1* and *rpn11*^*D122/A*^) and Rpn8 (*rpn8*~*1--307*~), were grown at the semi-restrictive temperature of 34 °C for 6 h. yCul1 rubylation status was examined in whole cell extract by immunoblotting for yCul1/Cdc53. (B) WT and *rpn11-m1* mutant cells were grown in YPD for 16 h at the permissive temperature of 28 °C. Cells were diluted to 0.5 OD~600~ and shifted to 34 °C for prolonged growth. yCul1 rubylation status was examined by immunoblotting at indicated time points. (C) WT, *rpn11-m1* and *rpn11*^*D122/A*^*,* as well as the CSN mutant *Δcsn5,* were grown at 28 °C to log phase. yCul1 rubylation status was examined in whole cell extract by immunoblotting. Percentage of yCul1^R^/yCul1 of 3 experiments was quantified by ImageJ software (A, B, C bottom). (D) Schematic representation of phenotypes relating to yCul1 rubylation in Rpn11 mutants at 34 °C, summarized from A-C. (E) Proteasome lid (*rpn11-m1*, *rpn11*^D122/A^), base (*rpt2RF*), and catalytic core (*α7ΔN*) mutant strains were grown at 34 °C for 10 h to reach the diauxic shift. yCul1 rubylation status, stability of the proteasome substrate Sic1 and accumulation of ubiquitin chains were examined by immunoblotting for yCul1, Sic1 and Ub respectively. (F) Logarithmic culture of the *Δpdr5* mutant strains with increased drug permeability was cultured in YPD at 34 °C and incubated with 10, 20 or 50 µM of MG132 for 3 h to inhibit proteasome 20S proteolytic activity. Drug permeability was assessed by examination of the stability of the short lived protein Cdc4 and accumulation of ubiquitin chains.Fig. 1

To further emphasize that an increase in yCul1^R^ is not due to the proteasome dysfunction, we evaluated proteasome mutants for yCul1^R^/yCul1 ratio at a phase in which the budding yeast mitochondria apparatus becomes vital, i.e., following glucose exhaustion, towards the end of the fermentative phase. At this stage, cells switch to oxygenic respiration (i.e., "diauxic shift"), which allows catabolizing ethanol and other fermentation byproducts in the mitochondria via the tricarboxylic acid (TCA) cycle and oxidative phosphorylation. We assessed yCul1^R^/yCul1 ratio at 34 °C during the diauxic shift in several proteasome mutants, allocated in various proteasome sub-complexes: *rpn11*^*D122/A*^ (proteasome lid catalytic dead mutant), *rpt2RF* (proteasome-base mutant), and *α7ΔN* (a 20S core particle mutant). Both *rpn11*^*D122/A*^*-* and *rpt2RF-*containing proteasomes form stable 26S complexes, however, both have been characterized as sensitive to general stress and shown impaired proteolytic activity [@bib43], [@bib52], [@bib73], whereas *α7ΔN* displays an opposite phenotype of enhanced proteolytic activity [@bib5]. Indeed, as expected, both, *rpt2RF* and *rpn11*^*D122/A*^ displayed accumulation of ubiquitin chains and impaired proteasome substrate turnover, yet these proteasome mutants did not deviate from wild-type (WT) or from *α7ΔN* in their yCul1^R^/yCul1 ratio ([Fig. 1](#f0005){ref-type="fig"}e). Similarly, treatment of yeast cells with the proteasome inhibitor MG132 exhibited accumulation of ubiquitin conjugates, but did not show high yCul1^R^ status ([Fig. 1](#f0005){ref-type="fig"}f). Taken together, these results reinforce mitochondrial defects rather than proteasome defects as a key factor in determining yCul1^R^/yCul1 ratio.

2.2. The accumulation of yCul1^R^ in *rpn11-m1* correlates with low ROS production {#s0020}
----------------------------------------------------------------------------------

The well-documented mitochondria defects in *rpn11-m1* are demonstrated in this study by the lack of a pronounced diauxic shift in this mutant ([Fig. S1](#s0115){ref-type="sec"}; [@bib68], [@bib69], [@bib71]) as well as by the lack of oxygen consumption (i.e. respiration) at the post-diauxic phase ([Fig. 2](#f0010){ref-type="fig"}a). Hence, we hypothesized that *rpn11-m1* is deviated from WT by not adjusting to metabolic alterations requiring de-novo transcription of genes attributed directly to aerobic metabolism [@bib10], [@bib48], [@bib80]. We further posited that proteome modulation during a respiratory phase might underlie the alterations in yCul1 rubylation. Therefore, we applied a quantitative proteomic comparison at growth conditions when WT and *rpn11-m1* are diverged in their yCul1 populations ([Fig. 2](#f0010){ref-type="fig"}b, [Fig. S1](#s0115){ref-type="sec"}). We used Amine Reactive Tandem Mass Tagging (TMT) isobaric labeling followed by a comprehensive liquid chromatography--mass spectrometry (LC-MS)/MS analysis to analyze the difference in protein expression between the WT and *rpn11-m1* strains. Functional annotation analysis revealed that proteins participating in multiple metabolic pathways were significantly enriched in the WT proteome relative to *rpn11-m1* ([Table S3](#s0115){ref-type="sec"}, data sheet). Specifically, enzymes catalyzing several key steps in the TCA cycle were under-represented in the proteome of *rpn11-m1* ([Fig. 2](#f0010){ref-type="fig"}b, [Table S3](#s0115){ref-type="sec"} gProfiler sheet), suggesting that this mutant inefficiently utilizes the TCA cycle for respiration. Interestingly, the proteomics data suggest a bottleneck in *rpn11-m1* proteome, leading to the accumulation of alpha-ketoglutarate. These proteomics data include under-representation of Kgd1 and Kgd2 subunits of the mitochondrial alpha-ketoglutarate dehydrogenase complex and enrichment of Gdh2 that produces additional alpha-ketoglutarate from glutamate. Notably, the accumulation of alpha-ketoglutarate increases resistance of *S. cerevisiae* cells to H~2~O~2~ and other stresses [@bib6].Fig. 2**Accumulation of yCul1**^**R**^**in*****rpn11-m1*****correlates with mitochondria dysfunction**. (A) WT (grey), *rpn11*^*D122/A*^ (blue) and *rpn11-m1* (red) yeast strains were grown in YPD at 34 °C for 4 or 16 h. For each strain, respiration rate of 5 × 10^7^ cells was expressed by measuring dissolved oxygen concentrations over time. (B) Samples of *rpn11-m1* and wild type were grown at a semi-restrictive temperature of 34 °C to identify the most pronounced yCul1 rubylation phenotype of the mutant (24 h in dashed square). Proteomes of both samples were compared by quantitative Mass Spectrometry (bottom). Biological pathways significantly enriched for protein abundance in the wild type samples relative to *rpn11-m1* (log2FC (WT/*rpn11-m1*) \> 2) were categorized using gProfileR [@bib66] and manually curated to remove redundancy. Fold Enrichment values larger than 1 indicate that the category is overrepresented in the selected set of differentially expressed proteins detected using Mass Spectrometry (see also [Table S3](#s0115){ref-type="sec"}).Fig. 2

The TCA cycle precedes the electron transport chain, which creates the chemical gradient powering oxidative phosphorylation. In respiring cells, a leakage of the electron transport chain causes a build-up of reduced electron carriers in the mitochondria leading to elevated ROS [@bib8], [@bib29], [@bib40], [@bib64], [@bib88]. This explains why the loss of TCA cycle enzymes (preceding the electron transport chains) was found to be associated with decreased ROS production [@bib6], [@bib40]. Since a loss of yCul1 rubylation was observed in an oxidative environment, we expected that the blockage of mitochondrial electron transport at the late exponential phase *(*i.e., start of oxygen consumption) would affect yCul1 rubylation status in respiring WT cells. Indeed, the inhibition of the respiratory electron transport chains by sodium azide (complex IV inhibitor) led to decreased yCul1R/yCul1 ratio in WT cells during the respiratory phase ([Fig. 3](#f0015){ref-type="fig"}a, left; [S4](#s0115){ref-type="sec"}a, b). Yet, similar treatment of rpn11-m1 cells did not affect yCul1 rubylation status even at a 75-fold higher concentration of azide ([Fig. 3](#f0015){ref-type="fig"}a, right; [S4](#s0115){ref-type="sec"}a, b). The insensitivity of *rpn11-m1* to azide supports TCA cycle deficiency suggested by MS ([Fig. 2](#f0010){ref-type="fig"}b) as well as lack of oxygen uptake ([Fig. 2](#f0010){ref-type="fig"}a). Accordingly, the transition from primarily yCul1^R^ to yCul1 in WT occurred precisely at the diauxic shift characterized by a peak in ROS levels ([Fig. 3](#f0015){ref-type="fig"}b, c). No such peak in ROS was observed for *rpn11-m1* at 34 °C due to its attenuated respiration at the post-diauxic phase ([Fig. 2](#f0010){ref-type="fig"}a) and accumulation of antioxidants [@bib45], perhaps explaining why yCul1 in this mutant was rubylated even during prolonged growth ([Figs. 1b, 2](#f0010){ref-type="fig"}b, [3](#f0015){ref-type="fig"}b). In addition to *rpn11-m1*, the increased yCul1^R^/yCul1 ratio was also observed in mutants of the proteasome lid PCI subunits [@bib95]. We showed that similar to *rpn11-m1*, the high yCul1^R^ status in these mutants correlated with mitochondrial respiratory defects when grown on a non-fermentable carbon source, and with decreased ROS production when glucose in the environment was exhausted ([Fig. 3](#f0015){ref-type="fig"}d, [S2](#s0115){ref-type="sec"}a). Interestingly, the PCI mutants and rpn11-m1 share a structural feature of critical disassembly of proteasome lids onto 26S holoenzymes [@bib26], [@bib96], in contrast to the *rpt2RF* and *rpn11*^*D122/A*^ mutants which form stable 26S holocomplexes [@bib43], [@bib52]. Consistent with these results, *rpt2RF* and *rpn11*^*D122/A*^ (as well as WT cells) are also distinguished from the lid structural mutants by the accumulation of ROS at the late log phase ([Fig. 3](#f0015){ref-type="fig"}e, [S2](#s0115){ref-type="sec"}b). Thus, the data suggest that intact proteasome lid structure links the increased ROS during mitochondrial respiration with decreased yCul1^R^ levels ([Fig. 3](#f0015){ref-type="fig"}f).Fig. 3**yCul1 rubylation status responds to oxidative environment**. (A) WT and *rpn11-m1* mutant cells were diluted to 0.5 OD~600~ in YPD and incubated at 34 °C with indicated amounts of azide. yCul1 Rubylation status was tested by immunoblotting at the indicated times. See [Fig. S4a](#s0115){ref-type="sec"}, b for additional information. (B) WT and *rpn11-m1* strains were grown in YPD at 34 °C for the indicated time. Endogenous ROS was measured by fluorescence following treatment with 2′ 7′-dichlorofluorescein diacetate (DCFDA) for one hour at each time point. Representative immunoblots of yCul1 rubylation status are shown for comparison (bottom) (C) ROS in intact cells was visualized by fluorescence microscopy (100 ×, Nikon Eclipse E600 microscope). (D, E) proteasome lid disassembly mutants (*rpn3--7, rpn6-1, rpn7-3, rpn9ΔC* and *rpn12-1)* (D); and proteasome dysfunctional mutants, (*rpt2RT* and *rpn11*^*D122/A*^) (E), were grown in YPD at 37 °C for 9.5 h and oxidative stress was assessed similar to B. Results of 3 independent experiments were quantified by IMAGEJ. (F) Schematic presentation summarizing effect of proteasome mutants on ROS at the diauxic shift (9.5 h of growth). Note that *rpt2RT* and *rpn11*^*D122/A*^ behave similar to WT in this regard, in contrast to proteasome disassembly mutants (*rpn3--7, rpn6-1, rpn7-3, rpn9ΔC* and *rpn12-1*).Fig. 3

2.3. yCul1 rubylation is sensitive to ROS {#s0025}
-----------------------------------------

To test the direct effect of an oxidative environment on yCul1^R^/yCul1 ratio, H~2~O~2~ was added to cells at the early log phase. Treatment with H~2~O~2~ led to an accumulation of unmodified yCul1 in both WT and *rpn11* mutant cells ([Fig. 4](#f0020){ref-type="fig"}a). Antioxidants, such as thioredoxin, glutathione synthase, and glutathione reductase, support the maintenance of an intracellular reducing environment during the transition to respiration. Deleting these genes led to lower levels of cellular antioxidant capacity, resulting in a decreased yCul1^R^/yCul1 ratio at the late log phase ([Fig. 4](#f0020){ref-type="fig"}b, [S3](#s0115){ref-type="sec"}a, 6 h). Conversely, treating cells at the diauxic shift with the reducing reagents dithiothreitol (DTT), or NAC (N-acetyl-[L]{.smallcaps}-cysteine) delayed the appearance of unrubylated yCul1 ([Fig. 4](#f0020){ref-type="fig"}c; [S4](#s0115){ref-type="sec"}d).Fig. 4**Decreased yCul1 rubylation linked to intra-cellular ROS.** (A) WT, *rpn11-m1* and *rpn11*^*D122/A*^ mutants in logarithmic phase growth were treated with 4.4 mM of H~2~O~2~ for 2 h and yCul1 rubylation status was determined by immunoblotting. (B) Mutants of ROS scavengers, *Δtrx2, Δgsh1* and *Δglr1* were grown in YPD at 28 °C, and yCul1 rubylation status evaluated in whole cell extract by immunoblotting (see also [Fig. S3](#s0115){ref-type="sec"}) (C) Wild type cells growth for 16 h were diluted to 0.5OD~600~ in YPD and incubated for 6 h at 28 °C before addition of 2 mM DTT to growth media. Rubylation status of yCul1 was examined by immunoblotting at 6 h, and at 8, 10 h. yCul1 modification ratio was quantified (A, B, C bottom) (D) Cells were sorted by FACS according to their oxidation status into oxidized, reduced, or "mixed" (i.e., unsorted) populations (as assessed by the Grx1-roGFP2 sensor). (E) 10^6^ WT cells were collected during sorting for each repeat of the different subpopulations (n = 3 repeats), followed by examination of the yCul1 Rubylation status by immunoblotting and quantification (see also [Fig. S4](#s0115){ref-type="sec"}). (F) schematic representation of the correlation between the oxidation state and yCul1 rubylation status in individual cells.Fig. 4

In order to directly link the intracellular redox state the yCul1 rubylation status, we applied a flow cytometry methodology to cells expressing a redox-sensitive Grx1-roGFP2 probe, which allows measurement of the redox state of individual cells within a heterogeneous population and sorting them according to their oxidative status, resulting in "oxidized" and "reduced" subpopulations [@bib62]. The sorted populations (oxidized, reduced or "mixed" populations) were tested by immunoblotting for yCul1^R^/yCul1 ratio ([Fig. 4](#f0020){ref-type="fig"}e). The "mixed" population contains a similar amount of cells, taken before applying the sorting mode. By comparing cullin rubylation in the sorted populations, we observed a clear correlation between the oxidation status and yCul1 rubylation intensity in cells at the diauxic phase (between 6 and 24 h of growth) ([Fig. 4](#f0020){ref-type="fig"}e, left, [S4](#s0115){ref-type="sec"}c). Indeed, comparing the oxidized and reduced populations during prolonged growth of 48 h (during which the cullin modification status is very low, but far more cells are in the oxidized population) revealed a clear difference as well ([Fig. 4](#f0020){ref-type="fig"}e, right, [S4](#s0115){ref-type="sec"}b). A similar correlation was found when oxidized cells of the *∆glr1* strain, lacking the glutathione reductase gene and showing a constant mitochondrial oxidation [@bib63], were sorted and subjected to immunoblotting (data not shown). Taken together, it appears that changes in yCul1^R^/yCul1 ratio observed in the heterogeneous population by immunoblotting overtime is a consequence of perturbation in cellular oxidative stress per se ([Fig. 4](#f0020){ref-type="fig"}f).

2.4. The rubylation enzymes Uba3 E1 and Ubc12 E2 are sensitive to ROS {#s0030}
---------------------------------------------------------------------

The fast response of yCul1^R^ to the redox status suggests a possible regulatory role for ROS in either stimulation of CSN derubylation activity or inhibition of the thiol -dependent rubylation enzymes. To verify whether rubylation cascade enzymes are sensitive to ROS, we examined the production of thioester-linked Ubc12\~Rub1 during physiological oxidation (prolonged growth phase and the lack of fermentable carbon source) or by inducing oxidation by H~2~O~2~ treatment ([Fig. 5](#f0025){ref-type="fig"}). Subsequently, total protein samples were separated by protein gels under non-reducing conditions to preserve the thioester conjugates. Immunoblotting for Ubc12 showed that 1 mM of H~2~O~2~ promoted a significant reduction in Ubc12\~Rub1 thioester forms ([Fig. 5](#f0025){ref-type="fig"}a, left). Note, that intracellular ROS measured under these conditions was comparable to endogenous ROS levels measured at the diauxic shift ([Fig. S3b](#s0115){ref-type="sec"}), and to concentrations for which, both the SUMO and the ubiquitin cascades are sensitive [@bib9], [@bib19]. Indeed, a lower ratio of Ubc12\~Rub1 thioester was observed following the diauxic shift ([Fig. 5](#f0025){ref-type="fig"}a, middle) or by switching to the non-fermentable carbon source, glycerol, which forces the utilization of mitochondrial respiration ([Fig. S5b](#s0115){ref-type="sec"}). Inversely, switching back to glycolysis by the addition of glucose to starved cells in the stationary phase, suppressed intracellular ROS ([Fig. 5](#f0025){ref-type="fig"}a, right; [S5](#s0115){ref-type="sec"}a, b) and resulted in a reoccurrence of Ubc12\~Rub1 thioester along with the appearance of yCul1^R^ conjugates. Surprisingly, in contrast to the observations in WT cells, the Ubc12\~Rub1 thioester forms were very highly maintained in the *rpn11-m1* mutant cells at all growth times with a slight reduction, detected mainly by the emergence of free Ubc12 ([Fig. 5](#f0025){ref-type="fig"}b 8--24 h). Finally, the loss of thiol-sensitive Uba3 conjugates in cells treated with 1.1 mM H~2~O~2~ confirmed that the rubylation cascade responds to ROS from the E1 stage ([Fig. 5](#f0025){ref-type="fig"}c, right, 35--50 kD). Ultimately, yCul1 rubylation status depends also on CSN activity. In the future, it will be interesting to decipher whether CSN derubylase activity is stimulated by high ROS, similarly to other UBL-specific proteases such as SENP3, a deSUMOylase that is stabilized by high ROS levels and functions to deSUMOylate the p300 protein [@bib33].Fig. 5**Respiration attenuates enzymes in the rubylation cascade**. (A) WT cells expressing endogenous Ubc12-HA were grown at 34 °C and treated as detailed: YP medium was complemented by 4% of glucose (left and middle panels). Indicated concentrations of H~2~O~2~ were added for 2 h (left); or cells were grown untreated for indicated times (middle); or grown for 6 h with 0--2% of glucose in the medium (right). Both Ubc12\~Rub1 thioester forms and yCul1 rubylation status were examined by immunoblotting in reduced (+ DTT) and non-reduced (-DTT) conditions. (B) *rpn11-m1*-HA mutant cells expressing endogenous levels of Ubc12-HA diluted to OD~600~ = 0.5 in YPD and re-incubated at 34 °C for indicated times. *Δrub1* served as a control for a strain deficient in Rub1 (left). Ubc12\~Rub1 thioester formation were examined over time. (C) WT cells expressing 6His-Flag-Uba3 diluted to OD~600~ = 0.5 at logarithmic phase were incubated for 2 h with indicated H~2~O~2~ concentrations. Uba3 and yCul1 expression and modification was assessed through immunoblotting in reduced (+ DTT) and non-reduced (-DTT) conditions. Asterisk for nonspecific bands, observed in control *∆uba3* and *∆rub1* \[6His-Flag-Uba3\] samples. (D) WT and mutant strains of the CSN/Rub1 axis (*∆yuh1, ∆csn5, ∆dcn1, ∆rub1, ycul1*^*K760/R*^) were grown to log phase in YPD. yCul1 rubylation status and the performance of free Rub1 were assessed by immunoblotting. (E) Cells at the pre-diauxic (OD~600~ =0.8) or post-diauxic phase (OD~600~ = 42) phases were examined for yCul1 rubylation status and the performance of free Rub1 by immunoblotting. Each experiment was repeated 3 times and a representative immunoblot is shown.Fig. 5

Finally, the loss of modified yCul1 is correlated with the performance of free Rub1 molecules and vice versa ([Fig. 5](#f0025){ref-type="fig"}d, e). For instance, at the early log phase, Rub1 is almost fully conjugated to cullins ([Fig. 5](#f0025){ref-type="fig"}e, OD~600~ 0.8), a trademark of *∆csn5* mutant cells lacking the catalytic subunit of the CSN complex ([Fig. 5](#f0025){ref-type="fig"}d). Conversely, the free form of Rub1 is accumulated at the post-diauxic phase ([Fig. 5](#f0025){ref-type="fig"}e, OD~600~ 42) in a similar manner as *y-cul1*^*K760/R*^, a mutant of yCul1 that cannot undergo rubylation, as well as to *∆yuh1*, a deletion mutant of a hydrolytic enzyme processing Rub1 from its precursor. ([Fig. 5](#f0025){ref-type="fig"}d). Taken together, in this study, a mutant of Rpn11 previously characterized as displaying mitochondrial defects [@bib45], [@bib68], [@bib69], [@bib96] was used as a platform to identify the inhibitory effect of accumulated ROS during the diauxic shift on the rubylation cascade of enzymes. The inhibition of Rub1 cascade resulted in the loss of yCul1 rubylation and the appearance of free molecules of Rub1, presumably responding to the oxidative environment.

3. Discussion {#s0035}
=============

Apart of being the catalytic subunit of the proteasome lid, the carboxyl terminal of Rpn11 plays additional roles in stabilizing the proteasome [@bib96] and in mitochondrial integrity [@bib68], [@bib69], [@bib71]. By dissecting the mitochondrial and proteasomal capacities of *rpn11-m1* and pointing to a TCA cycle dysfunction in this mutant and in other proteasome disassembly mutants, we identified that redox homeostasis is fundamental for yCul1 rubylation/derubylation cycling. Since the link between 26S proteasome disassembly and malfunction of mitochondria was demonstrated also in higher organisms such as *C. elegans* [@bib45], we believe that this indirect link between proteasome structure and cullin rubylation status is conserved across phyla.

Redox homeostasis breaks down naturally during the yeast diauxic shift, a potent experimental model to study rapid metabolic response to the production of endogenous ROS. We show that the dramatic loss of yCul1 rubylation status in WT at the diauxic shift, previously described as a carbon source dependence [@bib97], is a physiological transition from primarily anaerobic glycolysis to mitochondrial respiration accompanied by ROS production. Indeed, we observed a loss of Ubc12\~Rub1 thioester formation upon induction of ROS with a reversible attenuation. Our results are also supported by a high-throughput thioredoxin trapping screen performed by Ben-Lulu and colleagues in 2014, which suggested a reversible S-nitrosylation of human Ubc12 cysteines [@bib7]. The sensitivity of Rub1 enzymatic cascade to oxidation is initiated by the E1 Uba3/Ula1. Future studies will focus on identifying specific residues in both enzymes, involved in the regulation of rubylation cycles by ROS. For instance, oxidation of the catalytic cysteine thiol group of either Uba3 or Ubc12 could lead to a reversible sulfenic acid (R-SOH) form. Another option could be the formation of a reversible disulfide bridge between cysteine of E1\~E2 enzymes, similar to the SUMOylation enzymes [@bib9]. However, the formation of this disulfide bridge requires a specific insertion of two amino acids in the SUMO E2, Ubc9, that is absent in the Rub1 E2, Ubc12 [@bib83].

The turnover of SCF substrates has a direct relevance to various diseases [@bib39], [@bib82], [@bib99]; however, not much is known about how fine-tuning of SCF properties through rubylation cycling affects disease progression. Modification of CRLs by Rub1 is critical for cell cycle progression and survival, and required for ubiquitination and degradation of many key cellular regulators, including cyclin E, p27, the DNA replication licensing factor Cdt-1, and the transcription factor inhibitor pIκBα. Unregulated turnover of these CRL-substrates is most relevant to promoting protein toxicity leading to pathologies such as cancer. Vice versa, inhibition of their degradation is more toxic to cancer cells than to normal cells, and was suggested as a treatment for various cancers [@bib18]. Indeed, the rubylation cascade inhibitor MLN4924, leads to proteotoxicity and its clinical investigation as a treatment in several malignancies is ongoing [@bib81], [@bib99]. Similarly, we showed here that high endogenous ROS also inhibits the rubylation cascade and could thus provide another explanation to the effect of increased oxidative stress through "ROS induction therapy" on selectively killing cancer cells without affecting normal cells [@bib87]. Our study suggests that reinforcing redox homeostasis in cells increases the capacity of proteolytic systems not only by proteasomal maintenance [@bib45], but also through persisting SCF activity.

Yet, in budding yeast, the turnover of SCF/CRL substrates is barely regulated by cullin-rubylation. Why does this mechanism of cullin rubylation cycles exist in budding yeast if it is not necessary for the turnover of substrates? We hypothesize that reinforcement of health through the loss of cullin rubylation might lead to additional biological function beyond CRLs E3-activity. For instance, a side effect of the loss of cullin rubylation is the increased level of free Rub1 ([Fig. 5](#f0025){ref-type="fig"}d, e). The liberated Rub1 possibly performs additional, yet undefined, activities during high ROS. Indeed, a handful of reports point to a secondary, CRL-independent, function of Rub1 [@bib1], [@bib31], [@bib54]. Such studies recognized and examined various Rub1 targets linked to natural cellular stress responses. Rub1 targets which are not cullins were also found when Rub1 was overexpressed or upon an increase in the Rub1 to ubiquitin ratio [@bib1], [@bib22], [@bib31]. Under these conditions, atypical rubylation patterns were observed, and found to be triggered by the ubiquitination cascade of enzymes [@bib1], [@bib22], [@bib31], [@bib54].

In conclusion, our results indicate that the silencing of cullin rubylation is a natural mechanism occurring in a state of high respiratory stress. We suggest that this silencing is a cellular defense mechanism rather than a defect in proteostasis control. We further propose that the rubylation cascade enzymes serve as redox sensors allowing the liberation of Rub1 upon high ROS, which subsequently functions as a game changer, responding to oxidative environment and maintaining cellular needs.

4. Materials and methods {#s0040}
========================

4.1. Yeast strains {#s0045}
------------------

This study includes widely used laboratory strains of Saccharomyces cerevisiae (SUB62, W303, BY4741). The experiments obtained a similar pattern of results for all studied strains. Genotypes and mating type of haploid progeny were determined by phenotype, auxotrophic analysis, PCR and immunoblotting. Double mutants or single mutants bearing genomic tags, were generated by mating of haploid strains, sporulation, and dissection of spores. Genotypes of haploid progeny were determined by a mating with haploid reference strains, PCR and immunoblotting.

4.2. Yeast media and growth conditions {#s0050}
--------------------------------------

Unless otherwise is specified, *Saccharomyces cerevisiae* cells were grown under standard growth conditions at a semi-restrictive temperature of 34 °C. All yeast strains were grown in glucose rich YPD medium (1% bactopeptone, 1% yeast extract, and 2% glucose) complemented by adenine hemisulfate. For all treatments: Unless stated otherwise, overnight grown starter cultures were diluted to OD~600~ = 0.5 and incubated for indicated times, temperatures or treatments, as described in figure legends. Growth phases were determined according to the growth response graph of the W303 wild type strain ([Fig. S1](#s0115){ref-type="sec"}) and related literature [@bib10]. Maintenance of plasmids was achieved by culturing plasmid-containing strains in a selective synthetic complete (SC) media. For proteasome inhibition, MG132 (in DMSO) was added for 2 h. For mitochondria inhibition, sodium-azide (in DMSO) were directly added to yeast cultures. For exogenous induction of ROS, overnight cultures were diluted to OD~600~ = 0.5 and cultured for 3 h (logarithmic phase) before the addition of indicated concentrations of H~2~O~2~ directly to the growth medium for 2 h. Yeast strains and plasmids used in this study are listed in [Supplemental Tables 1 and 2](#s0115){ref-type="sec"}.

4.3. Endogenous oxidative stress measurements {#s0055}
---------------------------------------------

2′ 7′-dichlorofluorescein diacetate (DCFDA) (Sigma) was directly added to YPD grown yeast cultures one hour prior to harvest, in a final concentration of 10 µg per 10^7^ Cells, as was previously described by Allen et al. [@bib2]. Cells were washed twice with a phosphate buffered saline (PBS) pH 7.2, and 2 × 10^7^ cells were placed in a 96 wells plate for florescence measurement (Excitation = 485/20; Emission = 528/20). Cells were either visualized by FITC fluorescence filter (460--500 nm) using a Nikon Eclipse E600 fluorescent light microscope, or quantified through a BioTek, Synergy HT plate reader.

4.4. Statistical analysis {#s0060}
-------------------------

The values of Relative Fluorescence Units (RFU) of at least three independent experiments were analyzed by One-Way ANOVA followed by Turkey HSD test for pairwise comparison.

4.5. Antibodies {#s0065}
---------------

The following antibodies were used: anti-CDC53, anti-Sic1, anti-CDC4, anti-Actin, anti-HA (Santa Cruz); anti-Flag (Sigma); anti-ubiquitin (Dako), anti-NEDD8 (Abcam), anti-Rpn11 [@bib95], anti-Rpn8 [@bib96], anti-Rpn2 [@bib72].

4.6. Immunoblotting {#s0070}
-------------------

For denatured cells extracts, cells were harvested in trichloroacetic acid (TCA) as we previously described at Yu et al. [@bib95]. Samples were resolved by SDS-PAGE and transferred to a nitrocellulose membrane for immunoblotting. Analysis was done by X-ray film or ECL fusion FX 6 EDGE system. Experiments were repeated 3 times and a representative result is shown.

4.7. Quantification of immunoblots {#s0075}
----------------------------------

Quantitative analysis of immunoblots was performed using ImageJ v1.40f software (<http://imagej.net/>). The yCul1 rubylation ratio was calculated by comparing the relative abundance of modified yCul1 out of the total amount of yCul1 (*i.e.* free and modified). The average of 3 experiments was calculated.

4.8. Sample preparation for mass spectrometry analysis {#s0080}
------------------------------------------------------

Yeast cultures were washed twice with DDW and once with chilled buffer A (25 mM Tris \[pH 7.4\], 10 mM MgCl2, 1 mM ATP). Pellet was resuspended in two volumes of buffer A and lysed using glass beads at 4 °C. Native lysates were clarified by centrifugation at 16,000×*g* for 15 min and digested with trypsin [@bib44]. Peptides derived from four strains (1) *rpn11-m1*/*Δcsn5*, (2) *rpn11-m1*, (3) wild type (w303), and (4) *Δcsn5* were labeled with TMT126, TMT127, TMT128, and TMT129 isobaric labeling reagents (Thermo Scientific), respectively, according to manufacturer\'s instructions. The labeled peptides were then combined and fractionated into 4 fractions using the SCX STAGE tip method [@bib17]. SCX fractions were desalted with C18 STAGE tips and evaporated to dryness before being resuspended in 0.1% formic acid for mass spectrometry analysis. Data of *rpn11-m1* and wild type (W303) had been analyzed for this study.

4.9. Mass spectrometry analysis {#s0085}
-------------------------------

Samples were analyzed in technical duplicate by LC-MS/MS on a Thermo Scientific LTQ Orbitrap Elite mass spectrometry system equipped with a Proxeon Easy nLC 1000 ultra-high-pressure liquid chromatography and autosampler system. Samples were injected onto a C18 column (25 cm × 75 µm I.D. packed with ReproSil Pur C18 AQ 1.9 µm particles) in 0.1% formic acid and then separated with a two-hour gradient from 5% to 30% ACN in 0.1% formic acid at a flow rate of 300 ml/min. The mass spectrometer collected data using a data-dependent MS2/MS3 acquisition method [@bib86]. A full scan was collected in the Orbitrap at 60,000 resolution (FWHM) with an AGC target of 1000,000 followed by 10 collision-induced dissociation (CID) MS/MS scans of the 10 most intense ions in the ion trap with an AGC target of 30,000, minimum signal of 500, isolation width of 2.0 *m/z*, normalized collision energy of 35.0, activation Q of 0.25, and activation time of 20.0 ms. The most intense ion in each MS/MS scan was further selection for high energy collision-induced dissociation (HCD) with a minimum signal of 500, isolation width of 4.0 *m/z*, normalized collision energy of 60.0, and an activation time of 50.0 ms. HCD scans were collected in the Orbitrap at 15,000 resolution (FWHM) and with an AGC target of 100,000. Charge state screening was enabled to reject unassigned or single charge states. Dynamic exclusion was enabled to exclude ions within + /− 10 p.p.m. with a repeat count of 1, a repeat duration of 20.0 s, an exclusion duration of 20.0 s, and for a maximum exclusion list size of 500.

Raw mass spectrometry data were analyzed by the Protein Prospector suite [@bib49]. Data were searched against a database containing SwissProt *S. cerevisiae* protein sequences, concatenated to a decoy database where each sequence was randomized in order to estimate the false positive rate. The searches considered a precursor mass tolerance of + /− 20 p.p.m. and fragment ion tolerances of 0.8 da, and considered variable modifications for protein N-terminal acetylation, protein N-terminal acetylation and oxidation, glutamine to pyroglutamate conversion for peptide N-terminal glutamine residues, protein N-terminal methionine loss, protein N-terminal acetylation and methionine loss, and methionine oxidation, and constant modifications for carbamidomethyl cysteine and TMT 6-plex labeling modifications on lysine residues and the amino terminus of each peptide. Prospector data was filtered using a maximum protein expectation value of 0.01 and a maximum peptide expectation value of 0.05. TMT reporter ion intensities were extracted for each identification using an in-house Perl script. Missing values were imputed to the minimum intensity value. The data was normalized to equalize the median and log2FC values calculated.

4.10. Cell sorting using Grx1-roGFP2 {#s0090}
------------------------------------

Strains were transformed with the Grx1-roGFP2 plasmid using a modified One Step transformation protocol [@bib14] with cells scraped from plate. Cells were then grown at 30 °C on 2--5 ml minimal medium supplemented with casein amino acid and -URA selection under aerobic conditions, diluted to approximately 0.25 OD~600~, and harvested at relevant time points following dilution. Sorting was conducted using predefined gates as described in [@bib62], with Grx1-roGFP2 expression under oxidized and reduced conditions determining subpopulations. These gates were adjusted according to probe expression in each of the strains. 2 × 10^6^ cells were taken per sample for continued analysis, with 3 repeats per subpopulation from separate initial colonies.

4.11. Respiration measurement {#s0095}
-----------------------------

5 ml of cells in the studied growth phases in a concentration of 1 OD~600~/1 ml were transferred to a 50 ml falcon tube with a stir bar on a magnetic stirrer and placed in a controlled-temperature cabinet at 34 °C. For respiration rate measurements a 1 ml aliquot was transferred to a microfuge tube and placed in a dry block pre-heated to 34 °C. The medium was immediately covered with paraffin oil to prevent gas exchange between the medium and room air during the measurement. Oxygen consumption rate was measured by inserting to the medium, using a micromanipulator, a needle-type oxygen optode (NTH-PSt-1) connected to a Micro-Fiber Optic Oxygen Transmitter (Microx TX3; PreSens GmbH, Regensburg, Germany). Digital output was recorded and stored on a computer. The oxygen optode was pre-calibrated using oxygen-free and air saturated solutions according to the manufacturer\'s recommended procedures (<https://www.presens.de/support-services/faqs/question/how-can-i-prepare-the-calibration-solutions-cal0-and-cal100-for-oxygen-sensors-35.html>).

4.12. Ubc12\~Rub1 thioester forms {#s0100}
---------------------------------

Overnight cultures were diluted in SC medium complemented by either 4% glucose, 3% glycerol or as described at the figure legends. For each condition, 20OD~600~ of cells were collected after 4 h of growth, washed twice with DDW, and pellets were split for reduced and non-reduced protein extraction. Extraction and detection of thioester forms, was performed according to Rabut et al. [@bib61].

Appendix A. Supplementary material {#s0115}
==================================
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